Introduction
Infrared absorption spectroscopy is considered one of the most promising methods to study catalyst surfaces. A multitude of different applications and experimental techniques are available, [1] such as transmission (TIR), attenuated total reflection (ATR), reflection-absorption (RAIRS) and diffuse reflectance (DRIFTS) modes. In this work, the latter technique was used, which allows us to analyze fragile solids, which are not amenable to manipulation, to produce self-standing samples with high intensity bands. [1] However, variations of scattering coefficients with cell geometry and sample loading remain the key parameters to consider. The use of this technique to investigate the adsorption of several probe molecules permits the features of this method to be further extended. [2] Surface characterization with various NO x compounds was studied in depth by Hadjiivanov and co-workers, [3, 4] and several basic probes are now widely used for the determination of surface acidity. [5, 6] One of the most studied probes for metal nanoparticles is CO, which provides useful information about the metal surface exposure and the nature of metal sites. [5, [7] [8] [9] Moreover CO is an important reactant in several industrial processes such as the production of methanol, [10] the Monsanto process, and in many cases it is an undesirable pollutant or poison. [11] The ability of this molecule to adsorb on nanoparticles is well known, especially in the case of Au, occurring through the formation of different surface carbonyls depending on the charge of the gold site, Au-support interaction, and particle size. This feature allows the discrimination of cationic, metallic, and anionic sites because of a direct correlation with CO absorption frequencies. [12] Supported gold nanoparticles (AuNPs) have broad applications in many heterogeneous catalytic processes. [13, 14] Several parameters influence the catalytic performance of AuNPs such as the particle size, the oxidation state, the nature of the support, the synthetic method, and the activation procedure for controlling the final morphology. [15] CO oxidation is one of the most studied processes [16, 17] and allows the design of catalysts especially by considering Au particle size [18] and oxidation state. Indeed, it is well known that gold exhibits remarkable activity for CO oxidation when Au is highly dispersed on the support, such as TiO 2 and Fe 2 O 3 . [19, 20] Moreover, this reaction is also important for other significant processes such as the watergas shift step (WGS) in the H 2 purification sequence. [21, 22] The oxidation state of Au during CO oxidation is a crucial but con-
The spectroscopic characterization of a material is a fundamental tool for understanding the structure-activity correlation for catalytic purposes. Regarding supported nanoparticles, this perspective has acquired more relevance in recent years and several techniques have been employed. In this work diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS), coupled with CO adsorption, was used to investigate a modified deposition/precipitation method (DP-UC) for the preparation of supported gold nanoparticles with very low metal loading (0.1-0.5 wt %). This promising synthetic route involves the use of urea as basic agent and NaBH 4 as chemical reductant in contrast to the traditional high-temperature reduction step. The systematic IR spectroscopic study of the Au loading was combined with CO oxidation catalytic tests. The evaluation of the results was also supported by several other techniques, such as X-ray photoelectron spectroscopy, N 2 physisorption, and transmission electron microscopy. Particular attention was given to the evaluation of the gold electronic state, surface dispersion, particle size, and the corresponding structure-activity relationship.
troversial topic, largely debated in the literature. [12] Several works reported higher activity of oxidized gold than of metallic gold. [19, 23] However, the adsorption of CO on Au n + is strongly inhibited by the presence of H 2 O, so metallic states are needed for the adsorption of CO and, hence, for the whole oxidation process. [24, 25] On the other hand, different studies pointed out the important contribution of negatively charged Au. [26] [27] [28] The preparation method is closely related to the dispersion, size, and electronic state of AuNPs, which in turn affects catalytic activity. [29] The deposition/precipitation (DP) method for the formation of highly dispersed gold nanoparticles on several oxidic supports is one of the most successful methods reported in the literature. [13, [30] [31] [32] [33] Urea (CO(NH 2 ) 2 ) is considered one of the most common basic agents for the DP method, [34, 35] widely used also in other preparation procedures such as the co-precipitation synthesis. [36] Regarding the final reduction step, the use of sodium borohydride (NaBH 4 ) as chemical reductant is a promising method at room temperature to obtain metallic gold nanoparticles with very narrow size distribution. [37] Its potential has also been proved for other metals, such as Pd, [38] Pt, and Sn. [39] However, the combination of these two steps is still relatively unexplored in the literature, especially for low metal loadings. Recently, Kumar and co-workers applied this synthetic route for the preparation of 1-4 wt % Au/TiO 2 samples for the oxidation of benzyl alcohol in the gas phase, with great success. [40] Therefore, the aim of the present work is to investigate several samples prepared by a new modified DP method with urea and chemical reduction (DP-UC), characterized by very low Au loading (0.1, 0.2, 0.5 wt %). Degussa P25 TiO 2 was chosen as a commercial support to eliminate any complications related to the support synthesis. In situ CO-DRIFT spectroscopy was used to identify and characterize the surface metal sites of the catalysts synthesized by the DP-UC method. The vibrational frequency of the CÀO stretching is very sensitive to the strength and mode of bonding, but mainly it is related to the electronic state of the metal. In particular, the higher the frequency is (from 1900 to 2200 cm À1 ), the higher the charge of the metal site (from M nÀ to M n + ). [7] Comparison of the band's position with other published reports leads us to emphasize that CO absorption frequencies are influenced by: (i) the partial pressure of CO in the gas flow, [29, 41, 42] (ii) the presence of other molecules such as H 2 O, O 2 ,o rH 2 , [25, 43] and, mainly, (iii) by the adsorption temperature. [44] Therefore, the band's attribution was carried out by considering these key points, which is not always followed in the literature. Complementary techniques were used to shed light on the dispersion and local charge of the AuNPs, such as high-resolution (HR)TEM, STEM, and X-ray photoelectron spectroscopy (XPS). CO oxidation activity tests were carried out to better elucidate the nature of the particles and the catalytic performance was directly correlated to the exposure and electronic state of Au sites.
Experimental Section
Preparation of Au/TiO 2 Gold nanoparticles were prepared by a modified deposition/precipitation method using urea and a chemical reductant (DP-UC). TiO 2 (1 g, Degussa P25, 50 m 2 g À1 ) was dispersed in distilled water (100 mL) with urea (5 g, Aldrich, > 99 %). NaAuCl 4 ·2H 2 O solution (Aldrich, 99.99 %) was added to the support and left under vigorous stirring for 4 h at 353 K. The catalyst was filtered and washed several times with water. The material was then suspended in distilled water and a freshly prepared solution of NaBH 4 (0.1 m, Fluka, > 96 %) was added (NaBH 4 /Au = 4 mol/mol) under vigorous stirring at room temperature. The sample was filtered, washed, and dried at 373 K for 4 h. The actual Au loading was checked by atomic absorption spectroscopic (AAS) analysis of the filtrate, with a Perkin-Elmer 3100 instrument. As expected using this method, [45] all the gold present in the solution was deposited on the support. Au/ TiO 2 catalysts with the following compositions were prepared: 0.1, 0.2, 0.5 wt % Au/TiO 2 . Bare P25 was used as a reference.
Characterization
DRIFTS studies were carried out with a Bruker Tensor 27 spectrometer fitted with a HgCdTe (MCT) detector, a Harrick Praying Mantis HVC-DRP-4 cell equipped with two ZnSe windows, and operated with OPUS software. The DRIFTS cell included gas inlet and outlet ports as well as capabilities for heating and cooling. The required gas flow, 40 cm 3 min À1 of a 5 % CO/N 2 gas mixture, was controlled by mass-flow controllers. The data are reported in the form of absorbance. Each spectrum represents an average of 64 scans collected with a spectral resolution of 2 cm À1 . The ZnSe windows used cut off the spectrum below 650 cm À1 ; therefore, this region was not included in the discussion. In the reported spectra, a positive increase of peak intensity indicates an increase of population of that species, whereas a negative deflection shows loss of moieties associated with that particular mode. All samples were ground before the analysis. Background subtraction and normalization of the spectra were performed by subtracting spectra recorded under N 2 flow after heating the sample at 393 K for 30 min, to eliminate physisorbed and chemisorbed moisture. The gas-phase CO signal was removed by subtracting a spectrum obtained on pure KBr in a CO-containing atmosphere under the same analysis conditions. Specific surface area and pore size distribution were evaluated through the collection of N 2 adsorption-desorption isotherms at 77 K on a Micromeritics ASAP 2020 instrument. Surface area was calculated on the basis of the Brunauer-Emmet-Teller equation (BET), whereas the pore size distribution was determined by the Barrett-Joyner-Halenda (BJH) method, applied to the N 2 desorption branch of the isotherm. Prior to the analysis, the samples were outgassed at 573 K for 24 h. X-ray photoelectron spectroscopy (XPS) was performed by using a Kratos Axis Ultra-DLD photoelectron spectrometer that employed a monochromatic Al Ka X-ray source operating at 144 W power. High-resolution and survey scans were performed at pass energies of 40 and 160 eV, respectively. Spectra were calibrated to the C 1s signal at 284.8 eV, and quantified by using CasaXPS and modified Wagner sensitivity factors supplied by the manufacturer.
The specimens for transmission electron microscopy (TEM) were prepared by dispersing the catalyst powder on TEM grids coated with holey carbon film. They were examined by means of a FEI Titan 80-300 electron microscope equipped with CEOS image spherical aberration corrector, Fischione model 3000 high-angle annular dark field (HAADF) scanning transmission electron microscopy (STEM) detector.
Catalytic evaluation: CO oxidation
Catalytic activity for CO oxidation was investigated by using a fixed-bed U-shape glass reactor with 3 mm internal diameter placed in a thermostatically controlled oil bath. Reactive flow (5000 ppm CO in synthetic air) was fed to the reactor through mass flow controllers and 50 mg of catalyst was used to obtain a gas hourly space velocity (GHSV) of 4000 h À1 . Analysis of the oxidation products was performed by using an online gas chromatograph equipped with a carbosieve column (3 m 35 mm) and a thermal conductivity detector. Before the test, all samples were dried in an oven overnight at 353 K. Conversion data were calculated relative to the CO 2 production and the detector was calibrated by using standard gas mixtures. Catalyst productivities are reported as turnover frequencies (TOFs) by considering the number of surface exposed atoms. Calculations of this parameter were performed by assuming that all the nanoparticles had cubic octahedral morphology with cubic close-packed structure in this size range by using the model of full-shell nanoparticles: [46] TOF
Where TOF-B is the TOF based on bulk Au using the weight measured by AAS, TOF-N s is based on the Au surface exposed atoms, A is the fraction of Au atoms lying at the surface, [47] N s is the number of Au surface atoms, and N t is the total number of Au atoms.
Results and Discussion
DRIFTS study of CO adsorption on the fresh Au/TiO 2 samples
For all the Au/TiO 2 samples analyzed, the presence of CO gave rise to one or two IR bands in the CÀO carbonyl spectral region (1950-2150 cm À1 ). The IR band's assignment are presented in Table 1 . The highest frequency band (2106 cm À1 )w a s attributed to linearly adsorbed CO on metallic gold, in agreement with the literature. [32, 41, 44, [48] [49] [50] Another broad and asymmetric band was detected at lower frequencies (Figure 1 a) . The maximum was located at 2072 cm À1 and the band was composed by several overlapping peaks. CO stretching mode signals were deconvoluted on the basis of a Gaussian model using the Origin software. Results of this procedure are shown in Figure 1 b. The presence of other bands at frequencies lower than 2100 cm À1 is not common like the linear adsorption of CO at 2100-2120 cm À1 . Some publications reported the formation of these bands at lower frequencies for catalysts where Au was strongly reduced. [11, [51] [52] [53] [54] [55] [56] [57] Their origin is attributed to the linear and multisite adsorption (probably bridged-bond configuration) of CO on negatively charged gold (Au dÀ sites). A detailed approach is presented by Sterrer et al., [58] for an Au-MgO film, where the position of the bands was directly correlated to the charge of the site with a strong redshift owing to the p-back-donation of the negatively charged metal to the CO antibonding orbital. Also, the degree of coordination to the site, which is tightly correlated with the shape and size of the nanoparticle, has an influence. Boronat et al., confirmed this phenomenon, underlining that the shift in the n CO frequency depends not only on the charge of the particle, but also on the degree of coordination of gold atoms and the capability of CO to modify the particle shape. [59] The shift of the bands due to the adsorption conformation of CO on the metal particles is well known also for other elements, especially for Pt-based catalysts. [60, 61] In a recent work, Rogers et al. prepared several Au/ TiO 2 catalysts by using a standard sol-immobilization technique with NaBH 4 as the final reductant. No peaks relative to Au + cations were detected, whereas bands at 2115 cm À1 and 2040 cm À1 were attributed to metallic and partially negatively charged gold, respectively. [62] Summarizing, it can be concluded that a lower frequency implies: (i) lower coordination to the metallic site, and (ii) smaller size of the gold particles. This is the explanation of the CO stretching bands observed in our Au/TiO 2 DP-UC catalysts and allows us to explain the observed overlapping peaks. In particular, the peak at 2072 cm À1 can be attributed to a linear adsorption of CO on partially negative gold sites and peaks at lower frequencies (2054, 2043, 2013 cm À1 for the sample with the highest metal loading) to multisite adsorption of CO in different bridged configurations, depending on the degree of back-donation of Au to CO. [7, 27, 43, 58] The absence of carbonyl bands relative to oxidized gold Au n + implies that Au was entirely reduced to zerovalent species as expected by using excess of NaBH 4 [53, 63, 64] and is in agreement with the XPS data. The nature of the negative charge on gold is closely related to the support, [12] in particular regarding the charge transfer between gold particles and M 3 + cations of the support lattice. [65, 66] To further elucidate the nature of the IR bands, DRIFTS spectra after various exposure times to CO were recorded (Figure 2 a) . In clear accordance with Chakarova et al. [29] for Au/SiO 2 catalysts and Bollinger et al., [67] the increase in the exposure time involves a gradual reduction of Au 0 to Au dÀ because of the greater stability of the latter species, which is directly correlated with the greater p-back-donation. [68] Similar behavior was reported for other supported gold catalysts, including Au/ MgO [27, 58] and Au/CeO 2 . [54] This effect allows us to understand the absence of linear CO adsorption on Au 0 , which probably derives from complete reduction to the partially negative analog. These results underline the importance of reporting the interaction time between the probe molecule and the substrates during this powerful common analysis, because CO electronically modifies the catalyst surface.
The CO desorption analysis (Figure 2 b) showed, as expected, a progressive redshift of the 2072 cm À1 band owing to the higher stability of the different carbonyls formed on Au. However, a low intensity band at 2114 cm À1 , blueshifted during the desorption with respect to the initial 2106 cm À1 owing to the surface coverage effect, [69] still remained after 900 s. The very small amount of low coverage CO bound to Au 0 was probably related to the residual CO in the gas feed, which was very hard to remove totally.
For bare TiO 2 , only one very low intensity band appeared at 2054 cm À1 . This data ruled out any possibility to attribute a strong contribution of CO-Ti n + interactions for the metal loaded samples, because only low-temperature CO adsorption can allow us to monitor this weak interaction. [70] This explanation was in accordance with the spectroscopic IR investigations carried out by our group at lower temperature on Ni and Cu supported on TiO 2 [71, 72] and other groups with Au/TiO 2 samples. [7, 40, 41, 52] A direct proportional correlation between the area of the IR CO stretching band and metal loading was obtained as pre-sented in Figure 3 . In general, the interpretation of intensities and the area of the DRIFT signals are difficult due to the several variables involved in the analysis, such as cell geometry, sample loading procedure, and deposition method used. [1] However, a strong direct correlation was observed here. This means that the variation of Au dispersion among the catalysts was too small to see variation in the position and intensity of the bands IR spectra. Moreover, it also means that the type of metal sites formed can be considered as being similar because otherwise different CO adsorption, which can be linear or multisite, would not lead to such a direct correlation.
The attribution of the low frequency broad band to the multisite adsorption with different configurations on partially negatively charged gold sites with a slightly different degree of back-donation between Au and CO is clearly in accordance with DFT calculations carried out by Rogers et al. for Au/TiO 2 DRIFT analysis. [62] The presence of these gold species could be related to the last chemical reduction step used during the synthesis. Indeed, recently Rojas et al. synthesized several Au/ TiO 2 samples by a DP method using urea but with a final hightemperature reduction step in H 2 and they did not observe the negatively charged gold species by CO IR spectroscopy. [74] Conversely, Sandoval and co-workers obtained CO stretching bands at lower frequencies, although they used the DP-urea method with a final H 2 step so this point still remains unclear. [75] The assignment of the carbonyl stretching bands needed further investigation and, thus, we used a combination of complementary techniques to shed light on the metal nanoparticle properties.
Morphologic and electronic characterization
The gold particle size distribution was determined by HRTEM and STEM. The representative images and respective histograms are shown in Figure 4 and these confirmed that the DP-UC method led to very narrow gold particle size distribution fitted by a log-normal curve. The mean diameter of Au particle size and relative standard deviation are presented in Table 2 . These results allow us to better explain the attribution of the broad band at low frequency observed in the DRIFTS spectra. Indeed, the broadening could be due to a multisite adsorption with different configurations or to bridged CO on differently sized gold nanoparticles. The combination of these techniques confirms the former hypothesis.
To elucidate the nature of the gold species, XPS was employed. The Au 4f XPS spectra of Au/TiO 2 samples are shown in Figure 5 where the characteristic doublet of the two spin-orbit components are visible (Au 4f 7/2 and Au 4f 5/2 transitions). The oxidation state of Au at the surface of the catalyst was evaluated by analyzing the values of binding energy (BE) of the Au 4f 7/2 peak. The BE of 83.6 AE 0.2 eV corroborates the results obtained by FTIR and TEM in that Au is in the metallic state (Au 0 ) and well dispersed without Au n + species (BE = 85.5 and 86.3 eV). [37, [76] [77] [78] The slight decrease to a lower BE than the typical values obtained for metallic gold could be attributable to the different charging of the metal particles or to the particle size effect. [79] HRTEM and STEM analysis ruled out any possible size effects (a negative shift should be related to much bigger particle size), therefore, in accordance with the DRIFTS results, lower values of BE were attributed to the contribution of gold with partially negative charge. [80] The contribution of Au dÀ was smaller with respect DRIFTS analysis because XPS was carried out without CO. As a final remark, the increase in the intensity in the XPS data fits well with the increase in metal loading. For Figure S1 ) to confirm the state of TiO 2 . The same values of binding energies were detected for every sample (458.2 eV), irrespective of Au loading.
Structure-activity correlation for CO oxidation
To get a closer insight into the relationship between the results obtained, CO oxidation activity tests were performed. For this process, finely dispersed nanoparticles are very important because bulk gold proved chemically inactive. [19, 59] Moreover, understanding the active electronic state is fundamental to explain the mechanisms involved in the oxidative process. [81] Tests were carried out at room temperature without the addition of water to rule out the influence of its variation. [82] Sample 0.5 wt % Au/TiO 2 showed at room temperature a TOF-Ns = (6.1 AE 0.3) 10 À3 h À1 and steady-state conditions were achieved after 20 min. A prolonged activity test under the reaction conditions was carried out for more than 6 h without any decrease in conversion, as shown in Figure 6 . This fact confirmed the stability under the operating conditions adopted, with no appreciable deactivation. The effect of temperature was studied for every catalyst and the relative Arrhenius plots are reported in Figure 7 . The apparent activation energy of the CO oxidation reaction in the 298-373 K range was estimated from the slope of the logarithm of the intrinsic kinetic rate (mol s À1 g cat À1 ) versus T À1 10 3 (K À1 ) plot. Similar values of activation energy were obtained for 0.1 wt % Au and 0.2 wt % Au, whilst a significantly lower value was calculated for the highest metal loaded sample. These values fall in the typical range reported in the literature for CO oxidation under dry conditions [67, 83] (Table 3 ) and for Au/TiO 2 prepared by the DP-urea method, [75] although in general a strict comparison should consider that the activation energy is directly correlated with the particle size, surface area, CO concentration, and residence time. We achieved relatively low activation energy with lower Au loading and much more uniform Au particle size with respect to other literature reports.
To ensure a kinetically controlled regime with the operating conditions adopted, several tests at room temperature in which the space velocity was varied in the range 4000-16 000 h À1 were carried out (Figure 8 ). The linear increase in the TOF with increasing contact time ( Figure 9 ) was clear proof that under the given reaction conditions diffusional transport effects were negligible. The results demonstrated the activity of metallic and partially negative Au also at such very low [75] loading. An important contribution was given by the presence of low coordinated Au sites in accordance with DFT calculations. [84] To better understand the role of metal loading at this very low concentration for samples prepared by this new modified in situ deposition method (DP-UC), the Au % surface obtained from the Au/Ti ratio from the XPS atomic composition data and the Au % bulk values were plotted versus the CO oxidation rate at 323 K ( Figure 10 ). The trend observed confirms the direct relationship between the catalytic activity, the dispersion, and the number of active sites exposed on the oxidic surface. This fact also means that all the metal deposited by this modified DP method remains on surface without penetrating inside pores or into the material bulk.
The role of the support in the CO oxidation reaction is fundamental. [12] In this specific case, the primary function is the stabilization of Au nanoparticles, which, otherwise, would coalesce irreversibly. Furthermore, as confirmed by DRIFTS analysis, the CO-Ti n + interactions are very weak, and indeed they do not directly influence the process. However, the electronic density and distribution of the AuNPs are strongly perturbed by interactions with the support, with related consequences on the catalytic activity, especially in the case of oxides. In addition, surface hydroxyls promote the charge transfer between CO and AuNPs, changing the activation energy of the process. [82] The state of TiO 2 in the samples was confirmed by XPS analysis and did not vary appreciably with Au loading (Figure S1) .
For the sample with the best activity, that is, the one with 0.5 wt % metal loading, repeated cycles were performed at different temperatures by using a GHSV equal to 8200 h À1 (Figure 11 ). The results for subsequent cycles were substantially different, showing an increase in catalytic activity. Several factors could influence this phenomenon: a) variation of particle size; b) variation of the gold oxidation state; c) alteration of the water content; d) decrease of the carbon layer formed during the synthesis from urea decomposition.
The low operating temperature (! 373 K) ruled out any sintering phenomena, and the increase in activity from the first to the last cycle further confirmed that no increase in particle size occurred. The comparison of the XPS data for the Au 4f 7/2 peak of the fresh and used samples ( Table 2 ) indicated that no change of oxidation state occurred during the reaction and the BE typical of zerovalent gold was detected for the spent samples. Therefore, the variation of catalytic activity for subsequent runs cannot be attributed to the variation of the metal oxidation state, because the BE of the Au after the first run showed approximately the same value as that after the fourth run. No change in water content was detected during the chromatographic analysis. Thus, subsequent investigations aimed at evaluating the presence of organic compounds on the surface, as is common when preparing metal nanoparticles by using organic agents.
Lari et al. reported the influence of thermal treatment for 1 wt % Au/TiO 2 samples prepared by sol-immobilization with stabilizing ligands such as PVP (polyvinylpyrrolidone) and PVA (polyvinyl alcohol) and naked supported gold nanoparticles prepared by DP. [69] They observed higher activity for the DP catalyst before any heat treatment because a lower amount of carbon was present on the surface. Comotti et al. drew the same conclusions when using a protecting agent and studying with repeated cycles to test the inhibitory effect of the organic protector on the surface for CO oxidation. [69] However, in those papers, the DP method for the deposition of the gold did not make use of urea. To explain this last hypothesis, the fresh catalyst was investigated by using DRIFTS without any probe molecule. In the beginning, a comparison between IR spectra at room temperature for Au/TiO 2 samples and bare P25-TiO 2 was done but without the detection of any significant bands from their subtraction. However, differences between the bare P25 and samples with Au appeared during IR analyses at different temperatures. The spectra of 0.5 wt % Au/TiO 2 were collected in the temperature range 373-420 K, and by investigating different exposure times at 420 K (30, 60, 90, 150 min). Spectra subtracted from the same analysis at room temperature are shown in Figure 12 . The same procedure was carried out for the bare P25, but only with the gold catalyst did several bands appear in the region between 1000 and 2000 cm À1 . In particular, strong signals at 1441 and 1317 cm À1 appeared, with shoulder and lower peaks at 1583, 1486, 1277 cm À1 , without any band at higher wavenumbers. Unfortunately, broad desorption of physisorbed water did not allow peaks around 1650 cm À1 to be revealed, and its elimination was impossible because any pre-treatment was done to maintain the same initial conditions adopted before the CO oxidation test. These bands belong to the carbonate region and can be assigned to N compounds or carbonate species formed during the decomposition of urea. Larrubia et al. in a adsorption/decomposition study of several N compounds including urea on iron-titania catalysts, obtained several strong bands attributed to the NHÀ C=O stretching mode near 1565, 1490 cm À1 , and in the region below 1300 cm À1 . [85] Fang et al. reported a similar attribution for the urea thermolysis for the urea-SCR process; in particular, bands at 1500 cm À1 attributed to the imine group and at 1100 cm À1 attributed to CÀO linkages derive from the ketoenol configuration exchange. [86] Recently, Bernhard et al. confirmed the presence of these lower frequency bands and they attributed the band around 1560 cm À1 to the asymmetric TiÀ OCNÀTi stretching mode of adsorbed urea on titania. [87] However, in contrast with these results, no peaks at higher wavenumbers were detected in our analysis and, moreover, no N 1s peak was revealed in the XPS data in the BE region around 400 eV. This can be explained by the removal of carbamate and NH 3 in the washing procedure and heat treatments performed during the synthesis. Therefore, the attribution was carried out by considering the carbonate formed during the urea decomposition step, because formed CO 2 can react in small part with lattice oxygen on the gold-support interface. [52] The strong peak at 1317 cm À1 was assigned to the bidentate carbonate (b-CO 3 2À ) on titania surface, [88] whereas the peak at 1441 cm À1 was assigned to the bicarbonate (HCO 3 À ) species. The other peaks at 1533, 1486, and 1277 cm À1 can be attributed to weak signals relative to the presence of carbonate. [89] CO adsorption before and after thermal treatment did not show any shift of the CO stretching bands, and this means that: i) the carbon layer present on the surface is very thin because it did not prevent the adsorption of CO on gold nanoparticles such as in the case of syntheses that use protecting agents; [69, 90] ii) the presence of this thin organic layer did not influence the gold dispersion or its electronic state. The attribution of the bands for the present samples was in accordance with the interpretation summarized above and it was confirmed by further characterization through XPS, which is a powerful tool to obtain quantitative and qualitative information on carbon amount over the surface of a catalyst. [33, 91] A decrease in the organic content over the surface of the catalysts after the reaction was indeed confirmed, as a considerable loss of carbon was detected and monitored by the decreasing intensity of the C 1s peak (from 23.5 to 19.0 wt %).
Conclusions
Supported Au nanoparticles on TiO 2 were synthesized by using a modified DP method combining urea as base and NaBH 4 for the chemical reduction step (DP-UC method). This technique allowed us to obtain highly dispersed nanoparticles at very low metal loading (0.1-0.5 wt %). An in depth characterization was carried out by means of DRIFT spectroscopy with CO as a probe. The formation of Au metallic nanoparticles with a con- Figure 12 . DRIFTS spectra of 0.5 wt % Au/TiO 2 under N 2 flow at different temperatures (373 and 423 K) and exposure times at 423 K (0, 30, 60, 90, and 150 min) subtracted from the spectrum collected at 298 K. tribution of partially negatively charged Au was obtained. CO oxidation kinetic studies were carried out to correlate the physicochemical features of the prepared AuNPs with the catalytic activity. The explanation of the activity enhancement after subsequent runs was attributed to the release of a very thin carbon layer initially present on the catalyst surface. Characterization of fresh and spent samples allowed us to confirm and study the presence of these C compounds formed from urea decomposition during the synthesis, which in small part block some of the active sites of the catalyst. These results not only deepen the understanding of a modified gold deposition strategy, but also demonstrate a good activity for CO oxidation at lower loadings and without thermal treatment for the final reduction step of the synthesized Au nanoparticles.
